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ABSTRACT
We investigate the environmental dependence of the stellar populations of galaxies in
SDSS DR7. Echoing earlier works, we find that satellites are both more metal-rich
(< 0.1 dex) and older (< 2 Gyr) than centrals of the same stellar mass. However,
after separating star-forming, green valley and passive galaxies, we find that the true
environmental dependence of both stellar metallicity (< 0.03 dex) and age (< 0.5 Gyr)
is in fact much weaker. We show that the strong environmental effects found when
galaxies are not differentiated result from a combination of selection effects brought
about by the environmental dependence of the quenched fraction of galaxies, and
thus we strongly advocate for the separation of star-forming, green valley and passive
galaxies when the environmental dependence of galaxy properties are investigated.
We also study further environmental trends separately for both central and satellite
galaxies. We find that star-forming galaxies show no environmental effects, neither
for centrals nor for satellites. In contrast, the stellar metallicities of passive and green
valley satellites increase weakly with increasing halo mass, increasing local overdensity
and decreasing projected distance from their central; this effect is interpreted in terms
of moderate environmental starvation (‘strangulation’) contributing to the quenching
of satellite galaxies. Finally, we find a unique feature in the stellar mass–stellar metal-
licity relation for passive centrals, where galaxies in more massive haloes have larger
stellar mass at constant stellar metallicity; this effect is interpreted in terms of dry
merging of passive central galaxies and/or progenitor bias.
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1 INTRODUCTION
The environment in which galaxies form has long been
thought to play an important role in shaping their evolu-
tion, as observations of galaxy clusters in the local Universe
had revealed that early-type galaxies are preferentially found
in dense environments, while late-type galaxies dominate
the galaxy population in low density environments (Dressler
1980). However, this prevalence of late-type galaxies in low-
density environments could also be a mass-dependent effect,
as late-type galaxies are preferentially low-mass (e.g. Wuyts
et al. 2011), and there are more low-mass galaxies in low den-
sity environments (e.g. Kauffmann et al. 2004; Yang et al.
2009). Later studies (e.g. Baldry et al. 2006; Peng et al.
? E-mail: jaat2@cam.ac.uk
2010; Woo et al. 2013), leveraging on the statistical power
of large spectroscopic galaxy surveys, were able to disentan-
gle the effects of mass and environment, confirming that the
environment can play a significant role in galaxy quenching.
Red, quiescent, early-type galaxies are indeed more likely to
be found in dense regions, close to the centres of massive
haloes in large galaxy clusters, while blue star-forming late-
type galaxies tend to be found in underdense regions, in the
outskirts of low-mass haloes. In particular, Peng et al. (2010)
showed, for galaxies in the SDSS (z < 0.1) and zCOSMOS
(0.3 < z < 0.6), that the effects of mass and environment
are largely separable, implying that there are two distinct
quenching processes at work: processes that primarily de-
pend on mass (‘mass quenching’) and processes that primar-
ily depend on environment (‘environmental quenching’).
Environmental quenching corresponds to external pro-
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cesses that quench star formation, through interactions be-
tween a galaxy and other galaxies, with the intracluster
medium (ICM) and the gravitational potential of the dark
matter halo of the group/cluster in which the galaxy is em-
bedded. These physical processes preferentially operate in
dense environments and therefore will be more important
for galaxies residing in groups/clusters than for galaxies in
the field. Satellite galaxies falling into a cluster can have the
gas in their interstellar medium (ISM) rapidly removed as
they move through the hot ICM, which can result in rapid
quenching in a process known as ram pressure stripping (e.g.
Gunn & Gott, J. Richard 1972; Abadi et al. 1999). Further-
more, strong, frequent tidal interactions between two close
companion galaxies can also lead to the removal of gas (‘ha-
rassment’, e.g. Farouki & Shapiro 1981; Moore et al. 1996).
Stripping of the circumgalactic medium (CGM), i.e. the hot
halo gas surrounding galaxies, will halt the accretion of cold
gas on to the galaxy (known as starvation), therefore shut-
ting down the supply of fuel for star formation, in a pro-
cess known as ‘strangulation’ (e.g. Larson et al. 1980; Van
Den Bosch et al. 2008). Similarly, galaxies plunging in to
a group/cluster and interacting with the group dark mat-
ter halo are likely to become detached from the cosmic fila-
ments that feed galaxies with fresh gas from the IGM (e.g.
Keresˇ et al. 2005; Dekel & Birnboim 2006; Dekel et al. 2009),
which, again, shuts down the fuel supply for star formation,
in a process known as ‘cosmological starvation’ (e.g. Feld-
mann & Mayer 2015; van de Voort et al. 2017; Aragon Calvo
et al. 2019).
Further insights into the impact of environment on
galaxy evolution have been obtained by studying the chem-
ical enrichment of galaxies. Since the abundance of metals
(elements heavier than helium) in the ISM results from stel-
lar nucleosynthesis, and is further affected by the ejection of
metals by galactic winds and the accretion of gas from the
IGM, the metallicity of a galaxy traces both the star for-
mation history and the flow of baryons into and out of the
galaxy. Thus any differences in the metallicities of central
and satellite galaxies, or variations of metallicity with over-
density, provide a strong indication that the environment
is affecting the star formation and/or gas flow histories of
galaxies. Indeed, observations of the gas-phase metallicities
of galaxies in the local Universe have revealed that satellite
galaxies tend to be more metal-rich than central galaxies of
the same stellar mass (Pasquali et al. 2012; Peng & Maiolino
2014a) and that cluster galaxies tend to be more metal-
rich than field galaxies (Ellison et al. 2009). Furthermore,
at a fixed stellar mass, the gas-phase metallicity tends to
increase with increasing galaxy overdensity (e.g. Mouhcine
et al. 2007; Cooper et al. 2008; Ellison et al. 2009; Peng &
Maiolino 2014a; Wu et al. 2017), with increasing halo mass
(e.g. Pasquali et al. 2012) and with decreasing projected
distance from the central galaxy (for massive clusters, e.g.
Petropoulou et al. 2012; Maier et al. 2016, 2019). However,
the dependence of gas-phase metallicity with environment is
typically rather weak, with most studies finding a ∼0.05 dex
(at most ∼0.1 dex) environmental effect. Indeed, some stud-
ies do not even find a trend between gas-phase metallicity
and environment (e.g. Hughes et al. 2013). Thus the envi-
ronment only has a subtle impact on the chemical content
of galaxies in the local Universe.
In addition to gas-phase metallicities, the metallicity of
the stars in galaxies can also be studied. Indeed, Pasquali
et al. (2010) extensively investigated the dependence of the
stellar metallicity of galaxies on the central–satellite di-
chotomy, as well as on group halo mass. They found that
satellite galaxies tend to have higher stellar metallicities
than central galaxies of the same stellar mass, with the stel-
lar metallicity difference between centrals and satellites de-
creasing with increasing stellar mass. Furthermore, they also
found that the stellar metallicities of satellite galaxies tend
to increase with increasing halo mass, with the slope of the
stellar mass–stellar metallicity relation becoming shallower
with increasing halo mass. Pasquali et al. (2010) also studied
the environmental dependence of the stellar ages of galaxies,
finding similar trends to what was seen for the stellar metal-
licities. Satellite galaxies tend to be older than centrals of
the same stellar mass, with the ages of satellites also tending
to increase with increasing halo mass.
A significant benefit of studying stellar metallicities is
that they can also be reliably measured for passive galax-
ies (e.g. Thomas et al. 2005, 2010; Gallazzi et al. 2014).
Thus, the chemical content in both actively star-forming and
quenched galaxies can be compared. Such comparisons have
not been possible for gas-phase metallicities, as the nebu-
lar emission in passive galaxies is often too weak (due to
the lack of gas) and because proper calibration of gas-phase
metallicity diagnostics in non star-forming regions have only
recently become available (Kumari et al. 2019).
Peng et al. (2015) and Trussler et al. (2020) studied
the stellar metallicities of galaxies in the SDSS (z ∼ 0)
and found that green valley and passive galaxies are sig-
nificantly more metal-rich than star-forming galaxies of the
same stellar mass, indicating that galaxies typically undergo
significant chemical enrichment during the quenching phase.
They argue that the stellar metallicity difference between
star-forming and passive galaxies can be used to distinguish
between different quenching mechanisms as the amount of
chemical enrichment during the quenching phase depends
on the mechanism. Using gas regulator models (Peng &
Maiolino 2014b), they find that the large stellar metallicity
difference between star-forming and passive galaxies implies
that for galaxies at all masses, quenching must have involved
an extended phase of starvation. Peng et al. (2015) also in-
vestigate the dependence of the stellar metallicity difference
between star-forming and passive galaxies on environment.
They find that, at low masses (log (M∗/M) ∼ 9.6), the stel-
lar metallicity difference between star-forming and passive
galaxies is larger for satellites than for centrals, which sug-
gests that the environment may be contributing to the star-
vation of low-mass satellites.
In this paper we extend the analysis of Trussler et al.
(2020), who studied the role of stellar mass in galaxy quench-
ing by investigating the stellar metallicities and ages of
galaxies. Here we instead shift our attention to the role of
environment in galaxy quenching, by studying the imprint
of the environment on the stellar populations of galaxies.
We build upon the analysis of Peng et al. (2015), leveraging
on the greatly improved statistics (930 000 cf. 566 000 galax-
ies) in SDSS DR7 (Abazajian et al. 2009) to delve deeper
into the contribution of environmental effects to the quench-
ing of galaxies, now also studying the green valley galaxy
population, as well as investigating trends with halo mass,
overdensity and projected distance. We also build upon the
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analysis of the environmental dependence of the stellar pop-
ulations of galaxies by Pasquali et al. (2010), by investigat-
ing, for the first time observationally, how the stellar mass–
stellar metallicity and the stellar mass–stellar age relations
for star-forming, green valley and passive galaxies depend
on environment.
This paper is structured as follows. In Section 2, we dis-
cuss the sample of galaxies, the galaxy parameters and the
measures of environment that will be used in our analysis. In
Section 3, we investigate the dependence of the stellar pop-
ulations (i.e. stellar metallicities and stellar ages) of galaxies
on environment, in terms of the central–satellite dichotomy,
halo mass, overdensity and projected distance. In Section 4,
we study how the stellar metallicity difference between star-
forming and passive galaxies depends on the previously men-
tioned measures of environment, to investigate the role the
environment plays in galaxy quenching, with emphasis on
whether environmental effects contribute to the starvation
of galaxies. In Section 5, we discuss our results. Finally, in
Section 6, we summarise our main findings and conclude.
We assume that solar metallicity Z = 0.02 throughout this
work.
2 DATA
2.1 Sample and galaxy parameters
Here we give a brief description of the sample of galaxies and
galaxy parameters used in our analysis. We refer the reader
to Trussler et al. (2020) for a more thorough description of
the data.
2.1.1 Sample
We use the spectroscopic sample of 930 000 galaxies in the
Sloan Digital Sky Survey Data Release 7 (SDSS DR7, York
et al. 2000; Abazajian et al. 2009), obtained using the Sloan
2.5 m telescope (Gunn et al. 2006). The spectra are in
the optical/NIR (3800–9200 A˚), with a spectral resolution
R ∼ 2000 and a typical S/N ∼ 10 for galaxies near the main
sample flux limit. The SDSS sample suffers from incomplete-
ness for M∗ < 1010 M. In order to safely extend our analysis
down to M∗ = 109 M, we apply the Vmax weightings from
Blanton et al. (2003) to correct for volume incompleteness.
We restrict our analysis to galaxies with reliable spectro-
scopic redshifts in the range 0.02 < z < 0.085 and with
median S/N per spectral pixel > 20. The cut in redshift
was applied to reduce the effect of cosmological evolution
and aperture effects on the analysis, while the cut in S/N
was applied to ensure that only galaxies with reliable stellar
metallicities and stellar ages are studied in our analysis.
2.1.2 Galaxy parameters
The spectral fitting code FIREFLY (Comparat et al. 2017;
Goddard et al. 2017; Wilkinson et al. 2017) was used to ob-
tain stellar metallicities and stellar ages for each galaxy in
the SDSS sample. Briefly, FIREFLY is a χ2 minimisation
code that uses an arbitrarily weighted, linear combination
of simple stellar populations (SSPs) to fit an input galaxy
spectrum. The weighted sum of metallicities and ages of each
of the SSPs is used to derive the stellar metallicity and stel-
lar age of the galaxy. We make use of both mass-weighted
and light-weighted stellar metallicities and ages in our anal-
ysis. The former are obtained by weighting each SSP by its
stellar mass contribution, while the latter weights each SSP
by its total luminosity across the fitted wavelength range
(3500–7429 A˚). These two weightings are complementary as
the mass-weighted quantities trace the cumulative evolution
of the galaxy, while the light-weighted quantities primarily
trace the properties of the younger (and therefore brighter)
stellar populations. The SSPs used by FIREFLY were gen-
erated using the stellar population models of Maraston &
Stro¨mba¨ck (2011). We used stellar spectra from the empiri-
cal stellar library MILES (Sanchez-Blazquez et al. 2006) and
assumed a Kroupa IMF (Kroupa 2001). The MILES library
has metallicities [Z/H] = −2.3, −1.3, −0.3, 0.0, 0.3 and ages
that span from 6.5 Myr to 15 Gyr, with a spectral resolution
of 2.5 A˚ FWHM and a wavelength coverage of 3500–7429 A˚.
We use stellar masses M∗ and total star formation rates
(SFRs) from the publicly available MPA-JHU DR7 release of
spectral measurements1. The stellar masses were obtained
from fits to the photometry, using the Bayesian method-
ology of Kauffmann et al. (2003). In-fibre SFRs were com-
puted from the Hα emission (Brinchmann et al. 2004), which
were then aperture-corrected using photometry (Salim et al.
2007) to obtain the total SFRs.
We use the aforementioned stellar masses and total
SFRs, together with the bimodality in the SFR–M∗ plane,
to classify galaxies as star-forming, green valley and passive
using the classifications from Trussler et al. (2020). Star-
forming galaxies have relatively high specific star formation
rates (sSFRs), passive galaxies have relatively low sSFRs, and
green valley galaxies have sSFRs that are intermediate be-
tween those of star-forming and passive galaxies. As a mea-
sure to exclude galaxies hosting an AGN (which may af-
fect the determination of galaxy parameters), star-forming
galaxies are further required to have their BPT classification
set to ‘star-forming’ according to the [N II]-BPT diagram
(Brinchmann et al. 2004). After applying our cuts on red-
shift, S/N and this selection criterion, our sample consists of
16 685 star-forming galaxies, 8445 green valley galaxies and
53 661 passive galaxies.
2.2 Environment measures
In order to study the dependence of stellar metallicities and
stellar ages on environment, we divide the galaxy population
into centrals and satellites, using the galaxy group catalogue
of Yang et al. (2005, 2007). Briefly, the catalogue is con-
structed using an iterative Friend-of-Friends algorithm that
has been calibrated on mock catalogues (Yang et al. 2005).
Galaxies that are sufficiently close in projected distance and
redshift are initially assigned into tentative groups. The
properties of the dark matter halo (e.g. halo mass, virial
radius, velocity dispersion) associated with each tentative
group are determined and this information is then used to
update group memberships. The halo properties are recom-
puted, and this procedure is repeated until there are no fur-
1 The MPA-JHU data release is available at https://wwwmpa.
mpa-garching.mpg.de/SDSS/DR7/.
MNRAS 000, 1–23 (2020)
4 J. Trussler et al.
ther changes to the group membership. There are three dif-
ferent group samples that are constructed from these galax-
ies. We make use of Sample I, which contains 599 451 galax-
ies with SDSS redshifts only. In addition, for each sample,
two group catalogues are constructed from the ‘Petrosian’
and ‘Model’ absolute magnitudes of the galaxies in the NYU
Value-Added Galaxy Catalog (NYU-VAGC, Blanton et al.
2005), respectively. We use the ‘Model’ magnitudes in our
analysis. We find that using the other sample and magnitude
combinations has no significant effect on our results.
Having established groups and group membership, we
then determine whether galaxies are centrals or satellites.
Central galaxies are defined to be the most massive in their
group. All other members of the group are defined to be
satellite galaxies. We do not take the galaxy’s spatial posi-
tion in the group into account in our central–satellite classi-
fication system. Under the central–satellite definitions that
we have used, isolated galaxies are always classified as cen-
trals. Since there are a large number of groups with only
a single galaxy (421 067 out of 472 504) in the Yang et al.
(2007) group catalogue, a significant fraction of the central
galaxies in our study are isolated centrals.
We also make use of the Yang et al. (2007) group halo
masses Mh. These halo masses were estimated using abun-
dance matching applied in two different ways. First, by rank-
ing the galaxy groups according to their total luminosity.
Second, by ranking the galaxy groups according to their to-
tal stellar mass. Since stellar mass estimates are less strongly
affected by recent star formation activity than luminosity,
we have chosen to use the stellar-mass ranked halo masses
in our analysis. We note that for some small groups (in terms
of group size, and stellar mass of the central galaxy), no halo
masses are assigned. We exclude these groups from our halo
mass analysis. This cut preferentially removes low-mass cen-
trals (since these tend to be in small groups) from the sam-
ple, but only has a relatively minor effect on the satellite
subsample.
We also investigate how the properties of satellites are
affected by their distance from the group centre, which we
define to be the position of the central galaxy in the group.
For each satellite galaxy, the projected distance dproj from
the central in its group is computed. This distance is then
normalised by the virial radius Rvir of the group, which is
given by Rvir = 120(Mh/1011 M)1/3 kpc (Dekel & Birnboim
2006). We exclude satellites that reside in groups with no
assigned halo mass from our projected distance analysis, as
it is not possible to determine the virial radius of the group
in this case.
To further investigate the role environment plays in
galaxy evolution, we study the local overdensity, which is
a dimensionless density contrast given by δi = (ρi − ρm)/ρm,
where δi is the overdensity around the ith galaxy, ρi is an
estimate of the local density around the ith galaxy and ρm is
the mean density at that redshift. We use the overdensities
estimated by Peng et al. (2010), which were computed fol-
lowing the methodology developed by Kovacˇ et al. (2010).
For each galaxy, the projected distance to the fifth nearest
neighbour d5 that lies within ±1000 km s−1 of that galaxy
is determined. The local density ρi is then calculated by
dividing the number of neighbouring galaxies (5) by the vol-
ume of a cylinder of radius d5 and with length (in the radial
direction) ±1000 km s−1.
After matching the SDSS DR7 subsample discussed in
Section 2.1.2 with both the Yang et al. (2007) catalogue
and the overdensity dataset, our sample consists of 43 538
centrals and 16 805 satellites. For our halo mass and pro-
jected distance analysis, the sample size is further reduced
to 35 440 centrals and 16 434 satellites, as groups that do not
have halo masses assigned are excluded.
We show the distribution functions for all the centrals
(purple) and satellites (orange) in our sample, in terms of
group halo mass Mh (left panel), local overdensity 1 + δ5
(middle panel) and projected distance dproj/Rvir (only for
satellites, right panel) in Fig. 1. The projected distances for
centrals are not shown since they are, by definition, at the
centres of their respective groups. We find that satellites
tend to be, on average, in more massive haloes and denser
regions than centrals. The same trends hold when compar-
ing centrals and satellites in a narrow range of stellar mass
(not shown). These trends come about because centrals of a
given stellar mass occupy a narrow range in halo mass (see
e.g. Yang et al. 2008, 2009, 2012). By our central–satellite
definition, satellites with that stellar mass will have to have
an even more massive central, and hence will occupy a group
with a higher halo mass. Since the local overdensity tends
to increase with halo mass (e.g. Woo et al. 2013), satellites
will therefore also tend to be in denser regions than centrals
of the same stellar mass.
3 THE DEPENDENCE OF STELLAR
POPULATIONS ON ENVIRONMENT
In this section we investigate how the stellar populations
(stellar metallicities and stellar ages) of galaxies depend on
environment. Our analysis will be largely focussed on how
the stellar mass–stellar metallicity relation is affected by the
environment, but we will briefly also investigate the stellar
mass–stellar age relation as well. We will explore the similar-
ities and differences between centrals and satellites in Sec-
tion 3.1, the dependence of the stellar mass–stellar metallic-
ity relation on halo mass in Section 3.2, the dependence on
the local overdensity in Section 3.3 and the dependence on
projected distance in Section 3.4.
3.1 Central–satellite dichotomy
In this section, we study the dependence of the stellar mass–
stellar metallicity relation and the stellar mass–stellar age
on the central–satellite dichotomy. Galaxies are classified as
either central or satellite using the definitions in Section 2.2,
are subsequently binned in stellar mass, and both the median
stellar metallicity and the error on the median (1.253σ/√N)
are computed for each mass bin, where σ is the standard
deviation of the stellar metallicity in the mass bin, and N is
the number of galaxies in that mass bin.
3.1.1 Stellar metallicity
We show the mass-weighted stellar mass–stellar metallicity
for centrals (dashed) and satellites (solid) in the left panel of
Fig. 2. We find that satellites are typically more metal-rich
MNRAS 000, 1–23 (2020)
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Figure 1. Distribution functions for all the centrals (purple) and satellites (orange) in our sample, in terms of group halo mass Mh (left
panel), local overdensity δ5 (middle panel) and projected distance dproj/Rvir (only for satellites, right panel). The projected distances for
centrals are not shown since they are, by definition, at the centres of their respective groups.
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Figure 2. The mass-weighted stellar mass–stellar metallicity relation for centrals (dashed) and satellites (solid). Galaxies are binned in
stellar mass and the median stellar metallicity in each mass bin is shown. Error bars correspond to the 1σ uncertainty on the median.
Left panel: The mass-weighted stellar mass–stellar metallicity relation when including all galaxies (i.e. without splitting into star-forming,
green valley and passive galaxies, black). Right panel: The mass-weighted stellar mass–stellar metallicity relation for star-forming (blue),
green valley (green) and passive galaxies (red).
than centrals of the same stellar mass, and that this metallic-
ity difference is highly significant (i.e. multiple σ). Further-
more, the metallicity difference between centrals and satel-
lites decreases with increasing stellar mass, from ∼0.1 dex at
the low-mass end down to ∼0 at the high-mass end. Taken
at face value, this large offset between centrals and satellites
suggests that the gas flow and chemical enrichment histo-
ries of central and satellite galaxies may be different, with
the environment playing a relatively more important role at
shaping galaxy evolution at the low-mass end, and a rela-
tively less important role at the high-mass end.
Our result is qualitatively consistent with Pasquali et al.
(2010), who studied the stellar metallicities of centrals and
satellites in SDSS DR4 (Adelman-McCarthy et al. 2006),
which consists of a smaller sample of galaxies than our study
of SDSS DR7. Although their results were based on light-
weighted stellar metallicities (rather than the mass-weighted
stellar metallicities used in our work), that were obtained
using a different spectral fitting procedure (through simul-
taneous fitting of five metallicity- and age-sensitive opti-
cal spectral absorption features from Gallazzi et al. (2005),
rather than through a full spectral fit of the optical con-
tinuum using FIREFLY), they also found that satellites are
more metal-rich than centrals of the same stellar mass, with
the difference between centrals and satellites decreasing with
increasing stellar mass. We study the stellar mass–stellar
metallicity relation for centrals and satellites using light-
weighted metallicities from FIREFLY and from Gallazzi et al.
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(2005) in Appendix A. Briefly, we find similar qualitative
trends to the results obtained using mass-weighted stellar
metallicities (satellites are more metal-rich than centrals),
although the quantitative details are slightly different.
However, as previously shown in Peng et al. (2015) and
Trussler et al. (2020), and also depicted in the right panel
of Fig. 2, passive galaxies (shown in red) and green valley
galaxies (shown in green) are substantially more metal-rich
than star-forming galaxies (shown in blue) of the same stel-
lar mass. Hence, if the relative abundance of star-forming,
green valley and passive galaxies (i.e. the quenched fraction,
or non-SF fraction) is different for centrals and satellites,
then one would expect the average stellar metallicity for the
overall populations (i.e. including star-forming, green val-
ley and passive galaxies together) of centrals and satellites
to be different, because they have different proportions of
relatively metal-poor star-forming and relatively metal-rich
green valley/passive galaxies. So, even if the stellar metallic-
ity of star-forming centrals and satellites, green valley cen-
trals and satellites, and passive centrals and satellites are
the same, one would still expect to see a metallicity offset
between the overall populations of centrals and satellites be-
cause of this effect. Thus, the large offset between the overall
population of centrals and satellites (i.e. when including all
types of galaxies) shown in the left panel of Fig. 2, may in
fact be driven by a strong dependence of quenched fraction
on environment, rather than a strong dependence of stellar
metallicity on environment.
The dependence of quenched fraction on the environ-
ment has been extensively investigated in the literature (e.g.
Peng et al. 2010, 2012; Woo et al. 2013; Wang et al. 2018).
In particular, it has been found that, at a fixed stellar mass,
the quenched fraction for satellites is higher than for cen-
trals. For the sake of convenience, we show this result us-
ing our sample (which has been biased by cuts on S/N),
but showing the non-SF fraction (i.e. including green valley
and passive galaxies), rather than the quenched fraction, in
Fig. 3. Since the non-SF fraction is higher for satellites than
for centrals of the same stellar mass, the satellite population
consists of relatively more green valley and passive galaxies,
which have high stellar metallicities, and relatively fewer
star-forming galaxies, which have lower stellar metallicities.
Thus, at a given stellar mass, one would expect the overall
satellite population to have a higher stellar metallicity than
the overall central population, which is what was seen in the
left panel of Fig. 2.
In order to disentangle the inherent dependence of stel-
lar metallicity on environment from the trends brought
about by the dependence of quenched fraction on environ-
ment, we further divide the central and satellite popula-
tions into star-forming, green valley and passive galaxies in
the right panel of Fig. 2. We find that the stellar metallic-
ity difference between centrals and satellites that was seen
when considering the overall population is greatly reduced
after separating into star-forming, green valley and passive
galaxies. Evidently the dependence of quenched fraction on
environment exaggerates the true stellar metallicity differ-
ence between central and satellite galaxies, which is actually
much smaller. Nonetheless, there is still an indication, espe-
cially for green valley and passive galaxies, that satellites
are more metal-rich than centrals of the same stellar mass,
albeit to a lesser degree and with less significance (due to
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Figure 4. The mass-weighted stellar metallicity difference
∆ log ZMW = log ZMW,Sat − log ZMW,Cent between centrals and satel-
lites of the same stellar mass, including all galaxies (i.e. with-
out splitting into star-forming, green valley and passive galax-
ies, black), for star-forming galaxies (blue), green valley galaxies
(green) and passive galaxies (red). Error bars correspond to the
1σ error on the stellar metallicity difference.
the smaller metallicity gap, as well as the lower statistics
and hence larger error bars).
We show the stellar metallicity difference between cen-
trals and satellites more clearly in Fig. 4. The typical metal-
licity difference for star-forming galaxies is 0.01–0.02 dex, for
green valley galaxies is 0.02–0.03 dex and for passive galaxies
is 0–0.03 dex, which are clearly much smaller than what is
seen when simply comparing the overall central population
against the overall satellite population (shown in black), ex-
cept perhaps at the high-mass end (log (M∗/M) ≥ 11.0).
Our results for star-forming, green valley and passive galax-
ies are qualitatively consistent with the findings of Bahe´
MNRAS 000, 1–23 (2020)
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et al. (2017), who used the cosmological hydrodynamical
EAGLE simulation to study the stellar metallicities of >
3600 galaxies with log (M∗/M) > 10. Similar to this work,
they find that star-forming satellites, green valley satellites
and passive satellites are more metal-rich than star-forming
centrals, green valley centrals and passive centrals of the
same stellar mass, respectively.
However, there are quantitative differences with our
work, as they typically find larger offsets between centrals
and satellites, with a typical metallicity difference of 0.01–
0.03 dex for star-forming galaxies, 0.05–0.07 dex for green
valley galaxies and 0.01–0.08 dex for passive galaxies. In con-
trast to our results, they find that the metallicity difference
between the overall population of centrals and satellites is
intermediate between (rather than greater than) the metal-
licity differences for star-forming, green valley and passive
galaxies, at 0.02–0.05 dex. This disagreement with our work
is likely to be related to the quenched fraction effect. If,
in the EAGLE simulation, either the stellar metallicities of
star-forming, green valley and passive galaxies are very sim-
ilar, or the quenched fractions of centrals and satellites are
similar, then one should obtain the Bahe´ et al. (2017) result
for the overall population of centrals and satellites.
In addition to exaggerating the stellar metallicity differ-
ence between centrals and satellites, a comparison between
the overall central population against the overall satellite
population also misrepresents the mass-dependence of the
true metallicity difference between centrals and satellites.
While the metallicity difference for the overall population
clearly declines with increasing stellar mass, it is roughly in-
dependent of stellar mass for star-forming and green valley
galaxies, and appears to decline more weakly with increas-
ing stellar mass for passive galaxies (especially if one ignores
the lowest stellar mass bin, for which the statistics are rather
low). Thus, the strong mass dependence of the stellar metal-
licity difference for the overall population (shown in Figs. 2
and 4) is not driven by the inherent dependence of stellar
metallicity on environment (i.e. centrals vs satellites), but
rather on the relative mass dependence of the non-SF frac-
tions for centrals and satellites (shown in Fig. 3).
At the low-mass end, there is a large difference between
the non-SF fraction for centrals and satellites. In addition,
the gap in stellar metallicity between star-forming, green
valley and passive galaxies is at its widest at the low-mass
end (which is shown more clearly in Trussler et al. 2020). As
a result, the stellar metallicity difference between the overall
populations of centrals and satellites is relatively large at the
low-mass end, as the satellite population consists of a rel-
atively high fraction of metal-rich green valley and passive
galaxies with respect to the central population. However,
as stellar mass increases, the difference between the non-SF
fractions for centrals and satellites decreases, and the gap
in stellar metallicity between star-forming, green valley and
passive galaxies narrows. Hence the overall stellar metallic-
ity difference decreases with increasing mass. It is only at
the high-mass end (log (M∗/M) ≥ 11.0), where the non-SF
fractions for centrals and satellites are identical, that the
differences between the overall populations of centrals and
satellites are purely driven by the inherent dependence of
stellar metallicity on the central–satellite dichotomy, and we
see that this effect is rather small.
To summarise, the stellar metallicity difference between
the overall population of centrals and satellites is brought
about by two effects. First, the inherent dependence of stel-
lar metallicity on environment. That is, the stellar metallic-
ity difference between star-forming centrals and star-forming
satellites, green valley centrals and green valley satellites,
and passive centrals and passive satellites. Second, the de-
pendence of quenched fraction on environment. Since the
stellar metallicities of star-forming, green valley and passive
galaxies of the same stellar mass are different, the difference
in quenched fraction between centrals and satellites also con-
tributes to the stellar metallicity difference seen between the
overall population of centrals and satellites. Owing to the
large offset in stellar metallicity between star-forming, green
valley and passive galaxies, the quenched fraction effect is
much more prominent than the inherent environmental de-
pendence in driving the apparent metallicity–environment
relations.
We strongly suggest that the quenched fraction effect
should be taken into account (by splitting into star-forming,
green valley and passive galaxies) whenever investigating
trends with environment (e.g. central–satellite dichotomy,
halo mass, overdensity, projected distance) for scaling rela-
tions that are different for star-forming and passive galax-
ies, else the quenched fraction effect results in misrepresent-
ing the true, inherent dependence on environment, as well
as e.g. the stellar-mass dependence. Examples of such scal-
ing relations are the stellar mass–stellar age relation, stellar
mass–colour relation, stellar mass–star formation rate rela-
tion and the stellar mass–effective radius relation. We briefly
study the mass-weighted stellar mass–stellar age relation in
the next section to highlight how the aforementioned pitfalls
apply.
3.1.2 Stellar age
We show the mass-weighted stellar mass–stellar age rela-
tion for the overall central population (dashed) and satellite
population (solid) in the left panel of Fig. 5. We find that
satellites are typically older than centrals of the same stellar
mass, with the difference being highly significant (i.e. mul-
tiple σ) across the entire stellar mass range. In addition,
the stellar age difference decreases with increasing stellar
mass, from ∼2 Gyr at log (M∗/M) = 9.5 to ∼0.5 Gyr at
log (M∗/M) = 11.5. Again, we find that our results are qual-
itatively consistent with the work of Pasquali et al. (2010),
who obtained similar trends with SDSS DR4, using light-
weighted ages and a different spectral fitting procedure (see
Gallazzi et al. 2005). We briefly study the light-weighted
stellar mass–stellar age relation using light-weighted ages
from FIREFLY and Gallazzi et al. (2005) in Appendix B,
and find that the qualitative (but not the quantitative)
trends obtained in this section are preserved. Taken at face
value, the large age offset between centrals and satellites sug-
gests that the star formation histories of central and satellite
galaxies may be different, with the imprint of environment
being strongest at the low-mass end and weaker at the high-
mass end.
However, as shown in the right panel of Fig. 5, after
splitting into star-forming, green valley and passive galax-
ies, the age differences between centrals and satellites tend
to become much smaller and less significant than what was
seen for the overall population. In some cases the age differ-
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Figure 5. Similar to Fig. 2, but now showing the mass-weighted stellar mass–stellar age relation.
ences are still large, such as the lowest mass bin for passive
galaxies and the highest mass bin for green valley galaxies,
but it should be noted that the statistics in these mass bins
are very low (with respect to the other mass bins), so the
large offset that we see may partly be due to noise. Similar
to what was seen for the overall population, star-forming
satellites tend to be older than star-forming centrals, and
passive satellites tend to be older than passive centrals of
the same stellar mass. However, the trend for green valley
galaxies is less clear, which may be because the statistics for
green valley galaxies are relatively low with respect to star-
forming and passive galaxies (see our sample description in
Section 2.1.2). Neglecting the highest mass bin, we find that
at high masses the ages of green valley satellites and green
valley centrals are comparable. On the other hand, at the
low-mass end there is even an indication that green valley
centrals are older than green valley satellites, which is a re-
versal of the trend seen elsewhere (satellites are older than
centrals). However, we do not find this result to be signif-
icant, since the stellar mass–stellar age relation is, roughly
speaking, a monotonically increasing relation, so the rela-
tively high age for centrals in the second-lowest mass bin
may be due to random scatter driven by the low-number
statistics.
Furthermore, while the age difference between the over-
all population of centrals and satellites clearly decreases with
increasing stellar mass, there are no clear trends for star-
forming, green valley and passive galaxies. If anything, star-
forming galaxies exhibit the opposite trend, with the age
difference between centrals and satellites instead increasing
with increasing stellar mass.
3.2 Halo mass
Having studied the dependence of the mass-weighted stel-
lar mass–stellar metallicity relation on the central–satellite
dichotomy, we now move on to further measures of the en-
vironment. In this section we study how the mass-weighted
stellar mass–stellar metallicity relation depends on group
halo mass Mh for both centrals and satellites.
We bin galaxies into quartiles of halo mass, which we
refer to as Low, Mid-Low, Mid-High and High, for the 1st
(i.e. the least massive haloes), 2nd, 3rd and 4th (i.e. the
most massive haloes) quartiles, respectively. Since the dis-
tributions of centrals and satellites in halo mass are different
(see Fig. 1), we use different halo mass quartiles for centrals
and satellites to more clearly identify the trends with halo
mass. To clarify, this means that the halo mass range as-
sociated with e.g. the Low quartile is different for centrals
and satellites. Furthermore, since passive galaxies are more
likely to reside in massive haloes, while star-forming galax-
ies are more likely to reside in low-mass haloes (e.g. Woo
et al. 2013), the distributions for star-forming, green valley
and passive galaxies in halo mass are different. Hence we
also use different halo mass quartiles for star-forming galax-
ies, green valley galaxies, passive galaxies and the overall
population of galaxies.
3.2.1 Satellites
We show the mass-weighted stellar mass–stellar metallicity
relation for the overall population of satellites in different
halo mass quartiles in the top-left panel of Fig. 6. We find
that, at a fixed stellar mass, the stellar metallicity for the
overall population of satellites tends to increase with in-
creasing halo mass, and that this applies across the entire
stellar mass range studied. Although the stellar metallicity
difference between adjacent quartiles is small and perhaps
marginally significant, there is a clear offset between the low-
est and highest halo mass quartiles, that tends to decrease
with increasing halo mass, from 0.1 dex at the low-mass end
down to 0.05 dex at the high-mass end. As with our results
mentioned earlier in this work, these findings are also qual-
itatively consistent with the study of Pasquali et al. (2010).
Taken at face value, our result suggests that the environment
plays an important role in shaping the chemical enrichment
histories of satellites of all masses, with satellites in more
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Figure 6. The mass-weighted stellar mass–stellar metallicity relation for satellites in different quartiles of halo mass Mh, which we refer
to as Low (shown in blue), Mid-Low (green), Mid-High (orange) and High (red) for the 1st (i.e. the least massive haloes), 2nd, 3rd and
4th (i.e. the most massive haloes) quartiles, respectively, as well as the relation obtained without splitting into quartiles of halo mass
(named All, in dashed black). Note that the vertical scale and range is different for each panel. Furthermore, the halo mass quartiles in
the different panels correspond to different halo mass ranges. Top-left panel: all satellites (i.e. without splitting into star-forming, green
valley and passive galaxies). Right panel: star-forming and passive satellites. Bottom-left panel: green valley satellites.
massive haloes tending to be more metal-rich than satellites
in less massive haloes.
However, as with the discussion of the stellar metal-
licity difference between the overall populations of centrals
and satellites in Section 3.1.1, it is important to bear in mind
the quenched fraction effect when interpreting our results for
the halo-mass dependence of the overall population of satel-
lites in Fig. 6. Numerous studies (e.g. Woo et al. 2013) have
shown that, at a fixed stellar mass, the quenched fraction
of satellites increases with increasing halo mass. For conve-
nience we show this result in Fig. 7, but displaying instead
the dependence of the non-SF fraction on stellar mass and
halo mass for our sample (which has been biased by cuts on
S/N). Thus, the relative number of green valley and passive
galaxies (which have higher stellar metallicities than star-
forming galaxies of the same stellar mass) increases as one
moves from the lower to the higher quartiles. As a result,
the quenched fraction effect may be exaggerating the true,
inherent dependence of the stellar metallicity of satellites on
halo mass.
We show the dependence of the mass-weighted stel-
lar mass–stellar metallicity relation on halo mass for star-
forming, green valley and passive satellites in the right,
bottom-left and right panels, respectively. Note that the ver-
tical scale and range is different for each panel. In general,
we find that the trends with halo mass are less clear, smaller,
and less significant than what was seen when studying the
overall population of satellites. This may be the case for two
reasons. First, the inherent dependence of stellar metallicity
on halo mass is weak, so the trend for the overall popu-
lation is perhaps mostly driven by the quenched fraction
effect. Second, due to the lower statistics (since the data
is split between star-forming, green valley and passive), the
scaling relations have larger scatter, which complicates in-
terpretation, and the error bars are larger, which makes it
more difficult to distinguish between different quartiles. For
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Figure 7. The non-SF fraction (i.e. the fraction of galaxies that
are green valley or passive) for our sample of satellites (which has
been biased by cuts on S/N), colour-coded as a function of stellar
mass and halo mass.
star-forming satellites, we find that there is no clear trend
with halo mass. The error bars on the stellar metallicities are
relatively large because the dispersion in the stellar metallic-
ities of star-forming galaxies is relatively high (see Trussler
et al. 2020). For green valley satellites there is no trend at
low stellar masses, but there is an indication that the stel-
lar metallicity tends to increase with increasing halo mass
at the high-mass end. Finally, for passive satellites, we find
that there is a steady but small (∼0.04 dex between the Low
and High quartiles) increase of stellar metallicity with halo
mass (of low significance) across the entire stellar mass range
studied.
3.2.2 Centrals
We show the mass-weighted stellar mass–stellar metallicity
relation for centrals in different halo mass quartiles in Fig. 8.
Given the correlation between the stellar mass of the central
galaxy in a group and group halo mass (see e.g. Yang et al.
2008, 2009, 2012), centrals in the higher halo mass quartiles
tend to have higher stellar masses. Therefore, there is little
overlap in the stellar mass range covered between the differ-
ent halo mass quartiles. In order to represent the trends with
halo mass for centrals more clearly, we therefore use a dif-
ferent stellar-mass binning procedure, now instead choosing
mass bins such that there are an equal number of centrals
per bin.
Interestingly, for the passive centrals in the right panel
of Fig. 8, there is an indication that, over the narrow range
of stellar mass where there is overlap between subsequent
quartiles, centrals of a given stellar mass are more metal-rich
when they reside in lower mass haloes. There is perhaps also
a similar trend for green valley centrals in the bottom-left
panel but it is much weaker than what is seen for passive
centrals.
A possible explanation for this effect is that it may
be driven by a potential progenitor bias, where the stellar
metallicities of passive centrals of a given stellar mass may
also depend on their formation histories, which in turn may
depend on halo mass (see Man et al. 2019). Since the stellar
metallicity of a passive central depends on both the stellar
metallicity of its star-forming progenitor and the amount of
chemical enrichment that takes place during quenching, any
potential halo mass dependence in either of these two fac-
tors will determine the halo mass dependence of the stellar
metallicity of the passive central. If, as suggested by Man
et al. (2019), at a fixed stellar mass, passive centrals with
larger halo masses formed earlier, then their star-forming
progenitors likely started quenching at a relatively higher
redshift. Since the normalisation of the mass–metallicity re-
lation decreases with redshift (see e.g. Maiolino et al. 2008;
Lian et al. 2018), then the stellar metallicities of the star-
forming progenitors of passive centrals of a given stellar
mass, but with larger halo masses, should be smaller. Con-
versely, however, since the typical gas fractions in galaxies
increase with redshift (e.g. Schinnerer et al. 2016; Scoville
et al. 2017; Tacconi et al. 2018), the gas fractions of the
star-forming progenitors in more massive haloes should be
larger. As the amount of chemical enrichment that takes
place during quenching depends on how many additional
metal-rich stars are formed, which in turn depends on the
size of the available gas reservoir (and also the relative im-
portance of different quenching mechanisms, namely star-
vation and outflows, for more details see Peng et al. 2015;
Trussler et al. 2020), the star-forming progenitors of passive
centrals in more massive haloes likely undergo more chem-
ical enrichment during quenching. Therefore, there are two
competing and opposing effects (progenitor metallicity and
enrichment during quenching), that both potentially depend
on halo mass, that influence the stellar metallicity of the pas-
sive central. Depending on which effect is stronger, progen-
itor bias may or may not explain the observed trend with
halo mass, i.e. the vertical offset seen between subsequent
halo mass quartiles in Fig. 8.
Alternatively, rather than being offset vertically (i.e.
in metallicity), the halo mass quartiles for passive central
galaxies may in fact be offset horizontally (i.e. in stellar
mass). This scenario is depicted more clearly in the left
panel of Fig. 9, which shows a schematic illustration for
the evolution of central galaxies. Passive centrals, due to
their lack of gas, subsequently evolve through dry mergers,
where both their stellar mass and halo mass increase (caus-
ing them to move to the next halo mass quartile), but their
stellar metallicity remains relatively unchanged. In fact, the
stellar metallicity of the passive central will slightly decrease
as it merges with another galaxy, as that galaxy must have
a lower stellar mass than the central (otherwise the central
would be a satellite, by definition) and thus, on average,
has a lower stellar metallicity. Thus, passive central galaxies
evolve along a ∼horizontal/slightly downward trajectory on
the stellar mass–stellar metallicity plane, with the normali-
sation of the stellar mass–stellar metallicity relation becom-
ing progressively lower for the higher halo mass quartiles. In
contrast, star-forming centrals evolve along the star-forming
Main Sequence, following a diagonal trajectory in the stel-
lar mass–stellar metallicity plane as they steadily accrete
gas from the cosmic web and/or acquire gas in short bursts
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Figure 8. Similar to Fig. 6, but now showing the mass-weighted stellar mass–stellar metallicity relation for centrals.
from wet mergers, causing both their stellar mass and stel-
lar metallicity to increase as progressively more and more
metal-rich stars are formed out of the gas reservoir. In ad-
dition, as shown in Peng et al. (2015) and Trussler et al.
(2020), and depicted in Fig. 9, the large difference in chem-
ical enrichment between star-forming and passive galaxies
necessitates that most star-forming galaxies quench through
an extended phase of starvation (a shut down of cold gas ac-
cretion). In addition, as discussed in Trussler et al. (2020),
while starvation is likely to be the prerequisite of quench-
ing, outflows can also contribute, with the combination of
starvation and outflows being responsible for quenching the
majority of galaxies.
In the right panel of Fig. 9 we show a schematic illustra-
tion for the evolution of satellite galaxies. The stellar metal-
licity of star-forming satellites have little dependence on halo
mass (as already shown), as well as on overdensity or pro-
jected distance (as we will see later in this Section). Again,
star-forming satellites typically quench through starvation
to become passive satellites, though, given that environmen-
tal effects may be at play, we label this as ‘strangulation’ in
this case. The stellar metallicity of passive satellites tends
to increase with halo mass, as well as with increasing over-
density and decreasing projected distance (as will be shown
later in this Section).
3.3 Overdensity
In this section we study the dependence of the mass-
weighted stellar mass–stellar metallicity relation on the lo-
cal overdensity, by binning galaxies in quartiles of the local
overdensity. Since the distributions of centrals and satellites
in local overdensity are different (see Fig. 1), and because
passive galaxies are more likely to reside in overdense re-
gions, while star-forming galaxies are more likely to reside
in underdense regions (see e.g. Baldry et al. 2006; Peng et al.
2010; Woo et al. 2013), we use separate quartiles for each of
these populations.
3.3.1 Satellites
We show the mass-weighted stellar mass–stellar metallicity
relation for the overall population of satellites in different
overdensity quartiles in the top-left panel of Fig. 10. In a
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Figure 9. A schematic illustration showing how the evolution of galaxies in the stellar mass–stellar metallicity plane depends on
environment. Left panel: The evolution of central galaxies is shown. Star-forming centrals (shown in blue) evolve along the Main Sequence,
following a diagonal trajectory in the stellar mass–stellar metallicity plane, through steady accretion of gas from the cosmic web and/or
by acquiring gas in short bursts from wet mergers. Passive centrals, split into quartiles in halo mass (shown in various shades of red),
evolve through dry mergers, following a ∼horizontal/slightly downward trajectory in the stellar mass–stellar metallicity plane, where both
their stellar mass (M∗) and halo mass (Mh) increase (causing them to move to the next halo mass quartile), but their stellar metallicity
(Z∗) remains relatively unchanged/decreases slightly as the satellite galaxy involved in the merger is, by definition, of a lower stellar
mass and therefore has, on average, a lower stellar metallicity. Alternatively, a potential progenitor bias may also explain the trend with
halo mass, where, at a fixed stellar mass, passive centrals in more massive haloes may potentially have lower stellar metallicities because
they potentially quenched earlier. Given the correlation between the stellar mass of central galaxies and their group halo mass, there is
limited overlap in the stellar mass range covered between the different halo mass quartiles. Star-forming centrals tend to quench through
starvation to become passive centrals. Right panel: The evolution of satellite galaxies is shown. The stellar metallicity of star-forming
satellites does not show much dependence on halo mass (Mh), overdensity (δ5) or projected distance from their central (dproj/Rvir). In
contrast, the stellar metallicity of passive satellites tends to increase with increasing halo mass, increasing overdensity and with decreasing
projected distance. Given that environmental effects may be contributing to the starvation of satellites, we label the transition from
star-forming to passive as being driven by strangulation.
similar fashion to what was found in our halo mass analysis
in Section 3.2, we find that, at a fixed stellar mass, the stellar
metallicity for the overall population of satellites tends to
increase with increasing overdensity. Furthermore, the offset
between the lowest and highest overdensity quartiles also
decreases with increasing stellar mass, from 0.1 dex at the
low-mass end, down to 0.02 dex at the high-mass end. Again,
this would be an indication for a strong dependence of stellar
metallicity on environment, but, as with the halo masses,
at a fixed stellar mass, the quenched fraction of satellites
increases with increasing overdensity (see e.g. Peng et al.
2010; Woo et al. 2013). Thus the quenched fraction effect is
likely exaggerating the true dependence of stellar metallicity
on the overdensity.
We show the scaling relations for star-forming satel-
lites, green valley satellites and passive satellites in the right,
bottom-left and right panels, respectively. As with the halo
mass analysis, the inherent dependence of stellar metallicity
on overdensity is weaker than what is seen for the overall
population of satellites. We do not find any trend for star-
forming satellites with overdensity. Green valley satellites
display an increasing trend of stellar metallicity with over-
density at the high-mass end. Finally, passive satellites tend
to increase in stellar metallicity with increasing overdensity
across the entire stellar mass range. Qualitatively, our find-
ings for the overdensity analysis are very similar to what
was found in the halo mass analysis. Given the correlation
between halo mass and overdensity (see Woo et al. 2013),
the similarity between our results using halo masses and
overdensities is to be expected.
Interestingly, most of the variation of stellar metallic-
ity with overdensity for the overall population, green val-
ley and passive satellites comes about from the jump to
the Mid-High and High quartiles, with little to no varia-
tion between the Low and Mid-Low quartiles. We suspect
that this may be the case because of two reasons, which
would affect the quenched fraction of satellites (relevant for
the overall population) and which would affect the impact of
environmentally-driven processes (relevant for green valley
and passive galaxies). Small overdensities typically corre-
spond to galaxies that are in groups with membership ≤ 5,
(i.e. the N = 5 used in the calculation of the overdensity
δ5). As discussed in detail in Woo et al. (2013), this cor-
responds to the so-called cross-halo mode, where the fifth
nearest neighbour is in another group and the overdensity
is therefore characterising the density of galaxies between
groups, rather than the density of galaxies within groups.
Hence, in this regime, the overdensity is not a strong tracer
of environmentally-driven processes and we do not expect to
see strong correlations of stellar metallicity (as is the case
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Figure 10. Similar to Fig. 6, but now binning in quartiles of overdensity δ5.
for green valley and passive satellites) nor quenched fraction
(which is shown quite clearly in Peng et al. 2010; Woo et al.
2013) with overdensity. Additionally, for groups with mem-
bership > 5, the fifth nearest neighbour is in the same group
and the overdensity anti-correlates with the projected dis-
tance from the centre of the group (see e.g. Woo et al. 2013).
In this regime, relatively small overdensities correspond to
large projected distances, for which it is reasonable to expect
that environmentally-driven processes have not yet become
active and/or insufficient time has elapsed since the infall of
the satellite into the group. Hence most of the variation of
stellar metallicity (either due to the inherent environmen-
tal dependence or brought about by the quenched fraction
effect) with overdensity comes about from the jump to the
Mid-High and High quartiles.
3.3.2 Centrals
We show the mass-weighted stellar mass–stellar metallicity
relation for centrals in different quartiles of overdensity in
Fig. 11. We find, for the overall population of centrals in the
top-left panel, that the stellar metallicity tends to increase
slightly with increasing overdensity, but this is primarily due
to the jump to the High δ5 quartile. Since the quenched frac-
tion of centrals increases weakly with overdensity (see e.g.
Woo et al. 2013), this is likely to be driven by the quenched
fraction effect. Indeed, we do not find any clear trend be-
tween stellar metallicity and overdensity for star-forming,
green valley or passive centrals.
3.4 Projected distance
In this section we study the dependence of the mass-
weighted stellar mass–stellar metallicity relation on pro-
jected distance (normalised by the virial radius of the galaxy
group), by binning satellites in quartiles of projected dis-
tance. Our study of the dependence on projected distance is
motivated by the fact that some physical processes, like e.g.
ram pressure stripping, may only become active close to the
centres of groups/clusters (i.e. at small projected distances),
or that sufficient time may need to elapse following the infall
of a satellite into a group/cluster before the impact of these
processes becomes apparent (again, at small projected dis-
tances). As star-forming satellites are more likely to reside
in the outskirts of galaxy groups, while passive satellites are
more likely to reside closer to the centres of galaxy groups
MNRAS 000, 1–23 (2020)
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Figure 11. Similar to Fig. 10, but now showing the mass-weighted stellar mass–stellar metallicity relation for centrals.
(see e.g. Woo et al. 2013), the distributions for star-forming,
green valley and passive satellites in projected distance are
different, so we use different quartiles for each of these pop-
ulations.
We show the mass-weighted stellar mass–stellar metal-
licity relation for the overall population of satellites in dif-
ferent projected distance quartiles in the top-left panel of
Fig. 12. We find that, at a fixed stellar mass, the stellar
metallicity for the overall population of satellites tends to
increase with decreasing distance to the central galaxy of
the group, with the stellar metallicity difference between the
highest and lowest projected distance quartiles decreasing
with increasing stellar mass, from 0.08 dex at the low-mass
end, down to ∼0 dex at the high-mass end. However, most of
this variation of stellar metallicity with projected distance
comes about from the jump to the Low dproj/Rvir quartile,
with little variation with projected distance between the
High, Mid-High and Mid-Low quartiles. Taken at face value,
this may indicate that the physical processes that affect the
chemical evolution of galaxies in galaxy groups/clusters only
become active close to the centre of the group, or that suffi-
cient time must have elapsed since the infall of the satellite
into the group for the impact of these processes to become
significant. However, it is important to bear in mind that
the quenched fraction effect is likely exaggerating the true
dependence of stellar metallicity on projected distance, as,
at a fixed stellar mass, the quenched fraction of satellites
increases with decreasing projected distance (see e.g. Woo
et al. 2013).
We show the mass-weighted stellar mass–stellar metal-
licity relation for star-forming satellites, green valley satel-
lites and passive satellites in the right, bottom-left and right
panels, respectively. Again, the inherent dependence of stel-
lar metallicity on projected distance is weaker than what
was seen for the overall population of satellites, although
still present. In addition, we do not find a clear trend with
projected distance for star-forming satellites. There is per-
haps a weak indication of a trend for green valley satellites,
in the sense that the Low quartile tends to be more metal-
rich than the other quartiles (except at the low-mass end).
Finally, the stellar metallicity of passive satellites tends to
increase with decreasing projected distance across the entire
stellar mass range, with the difference between the Low and
High quartile decreasing with increasing stellar mass.
Overall, the trends seen for both the overall popula-
tion of satellites, as well as the star-forming, green valley
MNRAS 000, 1–23 (2020)
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Figure 12. Similar to Fig. 6, but now binning in quartiles of projected distance dproj/Rvir. Note that the order of the colour scheme
for the quartiles has been reversed. The Low, Mid-Low, Mid-High and High quartiles are now coloured red, orange, green and blue,
respectively.
and passive subpopulations, are qualitatively consistent with
what was seen in the halo mass and overdensity analysis, in
the sense that the trends seen with increasing halo mass or
overdensity are also seen with decreasing projected distance.
This might be because, for groups with more than five galax-
ies (i.e. more than the N = 5 we use in the calculation of the
overdensity δ5), overdensity anti-correlates with projected
distance (for more details, see Woo et al. 2013). However,
we do find that the trends in this section are less clear than
what was found earlier, and this may perhaps be because
each projected distance quartile is averaged over haloes of
all masses. For example, the Low dproj/Rvir quartile contains
both low-mass haloes (for which we expect the environmen-
tal influence to be relatively weak) and high-mass haloes (for
which we expect the environmental influence to be relatively
strong).
4 ENVIRONMENTAL QUENCHING
Our analysis thus far has focussed on the stellar mass–stellar
metallicity relation. We now shift our attention to the stel-
lar metallicity difference between star-forming and passive
galaxies to investigate how the environment contributes to
the quenching of galaxies. As discussed in detail in Peng
et al. (2015) and Trussler et al. (2020), the stellar metallic-
ity difference between star-forming and passive galaxies can
be used to distinguish between different quenching mech-
anisms as the amount of chemical enrichment during the
quenching phase depends on the mechanism. In the case of
a galaxy quenching by sudden gas removal (e.g. outflows or
rapid ram pressure), the stellar metallicity increase ∆Z∗ dur-
ing the quenching phase is small as relatively few additional
stars are formed out of the available gas reservoir. On the
other hand, galaxies quenching through starvation (the halt-
ing of cold gas accretion) no longer have their ISM diluted
by the inflow of pristine gas and form relatively many addi-
tional metal-rich stars, so the increase in stellar metallicity
during the quenching phase is large. Thus, if galaxies quench
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Figure 13. The mass-weighted stellar metallicity difference
∆ log ZMW = log ZMW,Passive − log ZMW,SF between star-forming and
passive galaxies, for centrals (blue) and satellites (red). Error bars
represent the 1σ error on the stellar metallicity difference.
primarily through starvation, the stellar metallicity differ-
ence between star-forming and passive galaxies of the same
stellar mass should be large. In contrast, if galaxies quench
primarily through sudden gas removal, the stellar metallicity
difference should be small. In reality, galaxies are likely to
quench through a combination of starvation and gas removal
processes, as indicated in Trussler et al. (2020).
We will use the stellar metallicity difference between
star-forming and passive galaxies as a proxy for the preva-
lence of starvation as a mechanism for quenching star forma-
tion in galaxies. In particular, we wish to investigate whether
environmental effects contribute to the starvation of galax-
ies, and if so, to put constraints on the physical origin of
any environmentally-driven starvation. We will study this
through a comparison between the stellar metallicity differ-
ence for centrals and satellites in Section 4.1, and a compari-
son between the stellar metallicity difference for centrals and
satellites in different quartiles of halo mass, overdensity and
projected distance in Section 4.2. If e.g. the stellar metal-
licity differences for satellites are larger than for centrals,
this could be due to two effects. First, that starvation oc-
curs more frequently for satellites. Second, that the typical
chemical enrichment during starvation is larger for satellites.
The latter would be the case if relatively more of the avail-
able gas reservoir is consumed in star formation rather than
removed in galactic winds or gas stripping processes, i.e.
if the ‘effective’ mass-loading factor λeff (see Trussler et al.
2020) of outflows and/or gas stripping is smaller in satellites
than in centrals.
4.1 Central–satellite dichotomy
In this section we investigate whether the mass-weighted
stellar metallicity difference between star-forming and pas-
sive galaxies differs for centrals and satellites. In particu-
lar, we study the stellar metallicity difference between star-
forming centrals and passive centrals, as well as the differ-
ence between star-forming satellites and passive satellites.
In Fig. 13, we show the mass-weighted stellar metal-
licity difference between star-forming and passive galaxies,
for both centrals (blue) and satellites (red). Although star-
forming satellites and passive satellites are slightly more
metal-rich than star-forming centrals and passive centrals
of the same stellar mass, respectively (see Figs. 2 and 4), we
do not find an indication for a significant offset between the
stellar metallicity differences for centrals and satellites. This
comes about because the offsets between star-forming satel-
lites and centrals (0.01–0.02 dex) are comparable to the off-
sets between passive satellites and centrals (0.01–0.03 dex).
Hence, when taking the stellar metallicity difference between
star-forming and passive galaxies, there is only a ∼0.01 dex
offset between centrals and satellites, as shown in Fig. 13.
Our lack of an offset between the stellar metallicity dif-
ferences for centrals and satellites is not in line with the
findings of Peng et al. (2015), who instead found an indica-
tion that the metallicity difference is larger for satellites at
low masses (log (M∗/M) = 9.5). This disagreement in the re-
sults may come about for a number of reasons. First, we use
a different sample of galaxies, namely SDSS DR7 rather than
DR4. Second, we classify galaxies as star-forming and pas-
sive using star formation rates, rather than galaxy colours.
Third, we use stellar metallicities obtained using a different
spectral fitting procedure, namely the mass-weighted stellar
metallicities from FIREFLY rather than the light-weighted
stellar metallicities from Gallazzi et al. (2005).
4.2 Dependence on other environmental
parameters
In this section we study how the stellar metallicity difference
between star-forming and passive galaxies depends on halo
mass, overdensity and projected distance, for both centrals
and satellites.
In Section 3 we found a subtle indication that the stel-
lar metallicity of both green valley and passive satellites de-
pends on environment, with the stellar metallicities tend-
ing to increase slightly with both increasing halo mass and
overdensity, and with decreasing projected distance. In con-
trast, we found no strong evidence for a trend between stellar
metallicity and environment for star-forming satellites, nei-
ther for halo mass, nor for overdensity or projected distance.
Thus, in this section, when computing the stellar metallic-
ity differences, we will make the assumption that the stel-
lar metallicity of star-forming satellites (and star-forming
centrals) does not depend on environment, i.e. we will not
bin the star-forming satellite population into quartiles and
instead use the relation for the entire population of star-
forming satellites (given by the curves named ‘All’ in Figs.
6, 10 and 12). On the other hand, we will bin the green valley
and passive satellites into quartiles of halo mass, overden-
sity and projected distance, in a similar fashion to what was
done in Section 3. In Appendix C, we relax the assumption
that the stellar metallicity of star-forming satellites is inde-
pendent of environment, by also splitting the star-forming
satellite population into quartiles of environment. Briefly, we
find in that case that, given the scatter in the scaling rela-
tions for star-forming satellites and the relatively large error
bars, any trends seen with environment are washed out.
We show how the mass-weighted stellar metallicity dif-
ference between star-forming and passive galaxies depends
on group halo mass (top panels), overdensity (middle pan-
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els) and projected distance (bottom panel) for both centrals
(left panels) and satellites (right panels) in Fig. 14. In the
following we discuss these trends separately for centrals and
satellites.
4.2.1 Centrals
For centrals, the analysis of the stellar metallicity difference
on halo mass in the top-left panel is complicated by the fact
that there is little overlap in stellar mass between subsequent
halo mass quartiles. Thus, the only trend that we can com-
ment on is that, where there is overlap between quartiles,
the stellar metallicity difference is marginally larger for the
lower quartile of the pair. In the middle-left panel, there is a
subtle (but not significant) indication that the stellar metal-
licity difference perhaps increases with overdensity. Thus, if
the environment affects the stellar metallicity difference be-
tween star-forming centrals and passive centrals, it has only
a very marginal effect at most.
4.2.2 Satellites
For satellites, there is a relatively stronger (but still not sig-
nificant) trend between the stellar metallicity difference and
environment. In the top-right panel, the stellar metallicity
difference tends to increase with halo mass, with a ∼0.04 dex
offset between the Low and High quartiles. Similarly, in the
middle-right panel, the stellar metallicity difference tends
to increase with overdensity, with a 0.02–0.04 dex offset be-
tween the Low and High quartiles. Finally, in the bottom-
left panel, we find that the stellar metallicity difference also
tends to increase with decreasing projected distance, with
a 0.01–0.05 dex offset between the Low and High quartiles.
Despite the excellent overall statistics in SDSS DR7, there
are only a relatively small number of satellites (especially
with respect to centrals) in our sample. Hence, although the
trends for satellites appear to be stronger than for centrals,
these trends are still only marginally significant: at most at
the 2σ level in some mass bins. However, it should be noted
that, given the relatively weak inherent dependence of stel-
lar metallicity on environment (see Section 3), a study of
stellar metallicity differences (which have larger error bars
than stellar metallicities) is likely to only find marginally
significant trends even if the statistics are high (as is the
case with SDSS DR7).
4.3 Summary of environmental quenching
As discussed in Peng et al. (2015) and Trussler et al. (2020),
and also outlined at the beginning of this section, the large
stellar metallicity difference observed between the overall
population of star-forming and passive galaxies provides
strong evidence indicating that, for the majority of galaxies,
quenching likely involved an extended phase of starvation,
with gas removal through outflows or ram pressure stripping
also contributing to the quenching. This starvation process
is generally ascribed to two primary classes of phenomena: i)
mass-dependent phenomena, in which the halo of the galaxy
is heated by AGN feedback (via energy injection through jets
or winds) or through gravitational shock-heating, resulting
in the suppression of cold accretion onto the galaxy (e.g.
Dekel & Birnboim 2006; Croton et al. 2006; Fabian 2012;
Brownson et al. 2019); ii) environmental effects, often re-
ferred to as ‘strangulation’, that occur when satellite galax-
ies plunge into the hot halo of a larger galaxy or an overdense
region (i.e. a group or cluster) and have their circumgalactic
medium stripped and/or become disconnected from the cos-
mic web, which prevents the satellite galaxy from accreting
further fresh gas (e.g. Larson et al. 1980; Van Den Bosch
et al. 2008; Feldmann & Mayer 2015; van de Voort et al.
2017; Aragon Calvo et al. 2019).
The lack of environmental dependence in the stellar
metallicity difference between star-forming and passive cen-
tral galaxies indicates, not surprisingly, that the starvation
responsible for quenching central galaxies is not driven by
environmental phenomena, but primarily by mass-related
phenomena such as halo heating by AGN and halo gravita-
tional shock heating, or the recently proposed angular mo-
mentum quenching (Peng & Renzini 2020; Renzini 2020),
where a galaxy can be deprived of new molecular gas when
the inflowing gas accreted from the IGM comes in with ex-
cessive angular momentum.
The presence of environmental effects (although only at
the 2σ level) on the stellar metallicity difference between
star-forming and passive satellite galaxies indicates that en-
vironmental ‘strangulation’ does play a role in the starvation
process that quenches satellite galaxies. However, the stellar
metallicity difference accounted for by environmental effects
is small relative to the overall stellar metallicity difference for
the entire satellite population. Specifically, while the overall
stellar metallicity difference between star-forming and pas-
sive satellite galaxies ranges from 0.10 to 0.22 dex depending
on mass (see also Trussler et al. 2020, where a slightly larger
stellar mass range is investigated), the environmental con-
tribution to this difference is less than 0.04 dex. Therefore,
while environmental ‘strangulation’ does play a role in the
quenching of satellite galaxies, the bulk of their starvation
is still due to mass-related effects.
We also note that, as pointed out by Trussler et al.
(2020), that gas removal processes can also contribute to the
quenching of satellite galaxies, either in the form of outflows
or ram pressure stripping, with the gas removal processes
being less important in massive galaxies, but becoming pro-
gressively more important in lower mass galaxies. However,
quantitatively constraining the role of these phenomena rel-
ative to strangulation would be challenging. This would de-
mand an analysis similar to that performed in Trussler et al.
(2020), which would require incorporating the stellar ages
and stellar metallicities of satellites split by environment
(i.e. halo mass, local overdensity and projected distance)
into the analysis. However, the limited statistics would not
allow us to provide meaningful constraints, as even Trussler
et al. (2020) struggled to obtain significant constraints in
some mass bins, even when analysing the full population of
galaxies in SDSS DR7.
Qualitatively, however, the increase in the stellar metal-
licity difference between star-forming and passive satellites
with environment (i.e. with increasing halo mass, increas-
ing local overdensity and decreasing projected distance) in-
dicates that starvation becomes relatively more prevalent,
i.e. outflows become less important with increasing environ-
ment. In the context of the gas regulator models used by
Trussler et al. (2020), this therefore implies that the ‘effec-
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Figure 14. The mass-weighted stellar metallicity difference ∆ log ZMW = log ZMW,Passive − log ZMW,SF between star-forming and passive
galaxies for centrals (left panels) and satellites (right panels) in quartiles of different environmental measures. The Low (blue), Mid-Low
(green), Mid-High (orange) and High (red) quartiles correspond to the 0th–25th, 25th–50th, 50th–75th and 75th–100th percentiles, respectively.
We reverse the order of the colour scheme for the projected distance quartiles. We assume that the stellar metallicities of star-forming
satellites (and star-forming centrals) do not depend on environment, and therefore only use quartiles for the passive satellite (and passive
central) population. It should be noted that the ranges associated with the quartiles for centrals and satellites are different. We also
show the stellar metallicity differences obtained without splitting into quartiles (named All, shown in dashed black). Top panels: passive
galaxies are split into quartiles of group halo mass Mh. Middle panels: passive galaxies are split into quartiles of overdensity δ5. Bottom
panel: passive satellites are split into quartiles of projected distance from their central dproj/Rvir.
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tive’ mass-loading factor λeff , which describes the net gas
outflow rate Λ = λeff ×SFR during quenching, decreases with
increasing halo mass, increasing local overdensity and with
decreasing projected distance. Thus, in addition to environ-
mental ‘strangulation’, the larger stellar metallicity differ-
ences in denser environments may also be due to ram pres-
sure confinement, where the denser and hotter gas found in
denser environments (i.e. increasing δ5) nearer to the cen-
tres (i.e. decreasing dproj/Rvir) of more massive haloes (i.e.
increasing Mh) helps confine and prevent outflowing gas from
escaping the satellite galaxy, thereby reducing λeff through
the enhanced recycling of outflowing gas.
5 COMPARISON WITH GAS-PHASE
METALLICITY STUDIES
In this section we discuss the environmental trends that we
have found for stellar metallicities, focussing on the compari-
son against environmental trends that previous studies have
found for gas-phase metallicities. It should be noted that
while gas-phase metallicities have only been measured for
star-forming galaxies, stellar metallicities can be measured
for both star-forming and passive galaxies.
The environmental dependence of the stellar popu-
lations in galaxies has previously been investigated by
Pasquali et al. (2010), who studied the overall populations
of centrals and satellites and did not differentiate between
star-forming, green valley and passive galaxies in their anal-
ysis. They found that the stellar metallicities of galaxies are
strongly dependent on environment, with satellites being
substantially more metal-rich (0–0.2 dex, decreasing with
stellar mass) than centrals of the same stellar mass. In con-
trast, Pasquali et al. (2012) studied the gas-phase metallic-
ities in star-forming galaxies, and found that the environ-
mental dependence was much weaker, with satellites only
being marginally more metal-rich (0-0.05 dex, decreasing
with stellar mass) than centrals of the same stellar mass.
Furthermore, after restricting their stellar metallicity anal-
ysis to a sample of galaxies for which gas-phase metallici-
ties are available (i.e. only including star-forming galaxies
and excluding passive galaxies), Pasquali et al. (2012) found
that the stellar metallicity difference between centrals and
satellites becomes much smaller (∼0). Thus the large stellar
metallicity differences between centrals and satellites found
in Pasquali et al. (2010) were primarily driven by the envi-
ronmental dependence of the quenched fraction of galaxies.
As shown in this work (and implicitly by the findings of
Pasquali et al. 2012), the true stellar metallicity difference
between centrals and satellites is in fact much smaller (see
Fig. 2).
In addition to Pasquali et al. (2012), numerous other
works have also compared the gas-phase metallicities of cen-
tral and satellite galaxies (see e.g. Ellison et al. 2009; Peng
& Maiolino 2014a), finding that satellites are typically more
metal-rich than centrals of the same stellar mass. Interest-
ingly, although this is qualitatively similar to our results
for star-forming galaxies (as well as green valley and pas-
sive galaxies), we note that the stellar metallicity differ-
ences we find between star-forming centrals and satellites
(0.01–0.02 dex) are smaller than the corresponding gas-phase
metallicity differences (∼0.05 dex). This quantitative dis-
agreement can come about for two reasons. First, systematic
effects associated with the choice of metallicity calibration
and the different methods for measuring gas-phase and stel-
lar metallicities. Second, while gas-phase metallicities pro-
vide an instantaneous measure of chemical enrichment as
they probe the current conditions in the ISM, stellar metal-
licities instead provide a cumulative measure of chemical
enrichment that is averaged over longer timescales (espe-
cially for the mass-weighted metallicities we study in our
analysis). As a result, stellar metallicities will react less
promptly and therefore be less sensitive to recent or ongo-
ing environmentally-driven processes that cause metal en-
richment, due to the averaging effect over the entire stellar
population.
The dependence of gas-phase metallicities on further
environmental parameters has also been investigated, with
studies finding that the gas-phase metallicities of star-
forming satellites at a fixed stellar mass tends to increase
with increasing halo mass (e.g. Pasquali et al. 2012), increas-
ing local overdensity (e.g. Mouhcine et al. 2007; Cooper et al.
2008; Ellison et al. 2009; Peng & Maiolino 2014a; Wu et al.
2017) and decreasing projected distance from the central
galaxy (for massive clusters, e.g. Petropoulou et al. 2012;
Maier et al. 2016, 2019). In contrast, we find that the stellar
metallicities of star-forming satellites do not depend on envi-
ronment. This discrepancy between the trends for gas-phase
and stellar metallicities is likely to be due to the fact that
stellar metallicities react less promptly and are therefore less
sensitive to recent metal enrichment (which is likely being
driven by environmental processes). However, if the enrich-
ment (process) persists on longer timescales, especially dur-
ing the quenching process, then this environmental depen-
dence should become observable in the stellar metallicities
as well, especially for passive satellites and potentially also
for green valley satellites. Indeed, we find that the stellar
metallicities of passive satellites (and green valley satellites,
although with less significance) increase with increasing halo
mass, increasing local overdensity and decreasing projected
distance, which is likely reflecting the aforementioned en-
vironmental trends for the gas-phase metallicities of star-
forming satellites.
Furthermore, both Peng & Maiolino (2014a) and Lian
et al. (2019) find that the environmental dependence (in
terms of the local overdensity) of the gas-phase metallici-
ties of star-forming satellites decreases with increasing stel-
lar mass. Again, while we do not see this trend in the stellar
metallicities of star-forming satellites, it is readily apparent
for passive satellites. Indeed, we find that, for both the lo-
cal overdensity and projected distance, the environmental
dependence of the stellar metallicities of passive satellites
decreases with increasing stellar mass.
Finally, similar to studies of the gas-phase metallicities
of central galaxies (e.g. Peng & Maiolino 2014a), we find
that the stellar metallicities of star-forming centrals (and
also green valley and passive centrals) do not depend on
local overdensity.
6 SUMMARY AND CONCLUSIONS
We have utilised the statistical power of SDSS DR7 to in-
vestigate the environmental dependence of the stellar popu-
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lations of galaxies, as well as environmental quenching. We
obtain the following results:
(i) Similar to earlier works, such as Pasquali et al. (2010),
we find that satellites are both more metal-rich (< 0.1 dex)
and older (< 2 Gyr) than centrals of the same stellar mass,
which has often been interpreted as an indication that the
environment plays an important role in shaping both the
chemical evolution and star formation histories of galax-
ies. However, after separating star-forming, green valley and
passive galaxies, we find that the true environmental depen-
dence is in fact much weaker, with star-forming, green valley
and passive satellites being only marginally more metal-rich
(< 0.03 dex) and older (< 0.5 Gyr) than star-forming, green
valley and passive centrals of the same stellar mass.
(ii) The strong environmental effects (found by previous
studies) when galaxies are not differentiated result from a
selection effect brought about by the environmental depen-
dence of the quenched fraction in galaxies, as both the stellar
metallicities and stellar ages of passive galaxies are consid-
erably larger than those of star-forming galaxies of the same
stellar mass (with ∆ log Z∗ ∼ 0.15 and ∆age ∼ 3 Gyr). Thus,
we strongly advocate for the separation of the star-forming,
green valley and passive populations of galaxies when the
environmental dependence of galaxy properties are inves-
tigated, as otherwise both the true environmental depen-
dence of these properties will be exaggerated and the mass
dependence of any environmental effects will be misrepre-
sented, especially when the properties are starkly different
for star-forming and passive galaxies (e.g. galaxy colours,
SFRs, galaxy sizes).
(iii) We also investigate further environmental trends for
both centrals and satellites separately, by dividing star-
forming, green valley and passive galaxies into quartiles of
halo mass, local overdensity and (for satellites only) pro-
jected distance from the central. We obtain the following
results:
• We find no further environmental trends for star-
forming galaxies, neither for centrals nor for satellites.
• In contrast, the stellar metallicities of green valley
and passive satellites increase weakly with increasing halo
mass, increasing local overdensity and decreasing pro-
jected distance.
• Furthermore, we find that the stellar metallicities of
central galaxies do not depend on the local overdensity.
• We also find a unique feature in the stellar mass–
stellar metallicity relation for passive centrals, where
galaxies in more massive haloes have larger stellar mass
at constant stellar metallicity. This effect is interpreted in
terms of dry merging of passive central galaxies and/or
progenitor bias.
(iv) Finally, we use the method of Peng et al. (2015) and
Trussler et al. (2020) to investigate environmental quench-
ing, using the stellar metallicity difference between star-
forming and passive galaxies as a proxy for the prevalence
of starvation as a quenching mechanism in galaxies. We find
the following:
• Although satellites have slightly enhanced stellar
metallicities with respect to centrals, we find that the stel-
lar metallicity differences between star-forming and pas-
sive satellites, and star-forming and passive centrals are
comparable.
• Furthermore, following the environmental trends in
the stellar mass–stellar metallicity relations that we dis-
cussed earlier, the stellar metallicity differences between
star-forming and passive centrals do not depend on halo
mass nor on local overdensity, indicating that the star-
vation responsible for quenching central galaxies is not
driven by environmental phenomena, but primarily by
mass-related phenomena.
• In contrast, the stellar metallicity difference between
star-forming and passive satellites increases weakly with
increasing halo mass, increasing local overdensity and de-
creasing projected distance, which we interpret in terms of
moderate environmental starvation (‘strangulation’) con-
tributing to the quenching of satellite galaxies. Indeed, as
the stellar metallicity difference accounted for by environ-
mental effects (< 0.04 dex) is small relative to both the
overall stellar metallicity difference for the entire satellite
population (0.10–0.22 dex, see also Trussler et al. 2020)
and the mass-dependence of this overall stellar metal-
licity difference, this indicates that, while environmental
strangulation does play a role in the quenching of satel-
lite galaxies, the bulk of their starvation is still due to
mass-related effects.
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APPENDIX A: LIGHT-WEIGHTED STELLAR
MASS–STELLAR METALLICITY RELATION
Our analysis in the main body of the text was centred on
the mass-weighted stellar mass–stellar metallicity relation,
using stellar metallicities that were obtained using the spec-
tral fitting code FIREFLY. In order to investigate whether
our results are affected by the weighting scheme or spec-
tral fitting procedure adopted, we study, in this section, the
light-weighted stellar mass–stellar metallicity relation, using
stellar metallicities that have been obtained using two dif-
ferent spectral fitting procedures. First, using a full spectral
fit of the optical continuum using FIREFLY. Second, using a
simultaneous fit of five metallicity- and age-sensitive optical
spectral absorption features (for details see Gallazzi et al.
2005). We note that the latter set of stellar metallicities was
used in the environment analysis of Pasquali et al. (2010).
We show the light-weighted stellar mass–stellar metal-
licity relation using the FIREFLY metallicities in Fig. A1.
Similar to what was seen for the mass-weighted stellar mass–
stellar metallicity relation in Fig. 2, satellites are typically
more metal-rich than centrals of the same stellar mass. This
result applies when studying the overall central and satel-
lite population (left panel, in black) and also when study-
MNRAS 000, 1–23 (2020)
22 J. Trussler et al.
9.0 9.5 10.0 10.5 11.0 11.5
log M ∗ (M¯)
0.3
0.2
0.1
0.0
0.1
0.2
lo
g
Z
L
W
(Z
¯
)
Satellites
Centrals
9.0 9.5 10.0 10.5 11.0 11.5
log M ∗ (M¯)
0.3
0.2
0.1
0.0
0.1
0.2
lo
g
Z
L
W
(Z
¯
)
Passive
Green valley
Star-forming
Figure A1. Similar to Fig. 2, but now using light-weighted stellar metallicities from FIREFLY.
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Figure A2. Similar to Fig. 2, but now using light-weighted stellar metallicities from Gallazzi et al. (2005).
ing the star-forming (right panel, blue), green valley (green)
and passive (red) populations separately. We also find, as
was seen for the mass-weighted stellar metallicities, that the
metallicity difference between the overall population of cen-
trals and satellites is larger than that for the star-forming,
green valley and passive subpopulations. However, while the
light-weighted central–satellite stellar metallicity differences
(typically 0–0.02 dex) for star-forming, green valley, and pas-
sive galaxies are comparable to the mass-weighted differ-
ences (typically 0–0.03 dex), the light-weighted differences
for the overall population are much smaller than the mass-
weighted differences. This comes about because the stel-
lar metallicity difference between star-forming, green valley
and passive galaxies is smaller when using light-weighted
metallicities over mass-weighted metallicities (for a more in-
depth discussion of this, see Trussler et al. 2020), and so the
quenched fraction effect only introduces a small, additional
metallicity offset between the overall central and satellite
populations for the light-weighted metallicities.
Furthermore, we find that the metallicity difference be-
tween the overall population of centrals and satellites de-
creases with increasing stellar mass. In contrast, the metal-
licity difference for star-forming and green valley galaxies
is roughly independent of stellar mass, and declines more
weakly with mass for passive galaxies. These trends are all
consistent with what was seen in our analysis of the mass-
weighted stellar mass–stellar metallicity relation. Thus the
choice of metallicity weighting used does not affect the qual-
itative aspects of our results.
The light-weighted stellar mass–stellar metallicity rela-
tion using the Gallazzi et al. (2005) metallicities is shown in
Fig. A2. Qualitatively, we find the same trends as with the
FIREFLY metallicities. Satellites are more metal-rich than
centrals, the quenched fraction effect exaggerates the true
metallicity difference between centrals and satellites, and the
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quenched fraction effect also misrepresents the true stellar-
mass dependence of the metallicity difference between cen-
trals and satellites. Thus, the choice of spectral fitting pro-
cedure used also does not appear to affect the qualitative
aspects of our results. However, we do find that the quan-
titative aspects of our results are changed, especially for
the stellar metallicity difference between the overall pop-
ulation of centrals and satellites, which we find to be much
larger when using the Gallazzi et al. (2005) metallicities.
This comes about because the normalisations of the stel-
lar mass–stellar metallicity relations based off of FIREFLY
and Gallazzi et al. (2005) are different (which is discussed
in detail in Trussler et al. 2020). Since the stellar metallic-
ity difference between star-forming, green valley and passive
galaxies is much larger when using the Gallazzi et al. (2005)
metallicities, the quenched fraction effect introduces a much
larger, additional metallicity offset between the overall cen-
tral and satellite populations, which is why we see such a
large gap between centrals and satellites in the left panel of
Fig. A2.
APPENDIX B: LIGHT-WEIGHTED STELLAR
MASS–STELLAR AGE RELATION
In this section we study the light-weighted stellar mass–
stellar age relation, using stellar ages obtained using FIRE-
FLY and from Gallazzi et al. (2005), to test whether our
results are affected by the weighting scheme or spectral fit-
ting procedure used.
We show the light-weighted stellar mass–stellar age re-
lation using the FIREFLY ages in Fig. B1. Qualitatively,
we find similar trends to what was found with the mass-
weighted stellar mass–stellar age relation. Satellites tend to
be older than centrals of the same stellar mass, both for the
overall population (shown in the left panel) and for star-
forming (blue, shown in the right panel), green valley (green)
and passive (red) galaxies, the quenched fraction effect exag-
gerates the true (shown on the right) age difference between
centrals and satellites, and the quenched fraction effect also
misrepresents the stellar-mass dependence of the true stellar
age difference between centrals and satellites. Since the gap
in stellar age between star-forming, green valley and pas-
sive galaxies is larger when using light-weighted over mass-
weighted ages, the quenched fraction effect is stronger for
light-weighted ages and so the age difference between the
overall central and satellite populations are larger than in
the mass-weighted case.
The light-weighted stellar mass–stellar age relation us-
ing the Gallazzi et al. (2005) ages is shown in Fig. B2. The
trends obtained are qualitatively consistent with what was
found using the light-weighted FIREFLY ages, so the choice
of spectral fitting procedure adopted does not appear to af-
fect the qualitative aspects of our results.
APPENDIX C: STELLAR METALLICITY
DIFFERENCES USING STAR-FORMING
SATELLITE QUARTILES
In the main body of the text we made the assumption, given
the findings in Section 3, that the mass-weighted stellar
mass–stellar metallicity relation for star-forming satellites
does not depend on environment. In this section we relax this
assumption, by now also dividing the star-forming satellite
population into quartiles of environment.
We show how the mass-weighted stellar metallicity dif-
ference between star-forming and passive galaxies depends
on group halo mass (top panels), overdensity (middle pan-
els) and projected distance (bottom panel) for both centrals
(left panels) and satellites (right panels) in Fig. C1.
For centrals, we find that there is no clear trend between
the stellar metallicity difference and environment, neither
for the halo mass quartiles in the top-left panel, nor for the
overdensity quartiles in the middle-left panel. The various
quartiles are all consistent with each other within the error
bars, and there is no indication of the stellar metallicity dif-
ference either increasing or decreasing with increasing halo
mass or overdensity.
For satellites, we also also find no clear trend between
the stellar metallicity difference and environment, neither
for the halo mass quartiles in the top-panel, nor for the
overdensity quartiles and projected distance quartiles in the
middle-right and bottom-right panels.
Evidently the scatter in the scaling relations for star-
forming satellites, together with the relatively large error
bars, wash out the trends seen with environment in Sec-
tion 4. Even with the excellent statistics of SDSS DR7, the
error bars on the stellar metallicity differences become too
large to cleanly separate and distinguish between the various
quartiles, which makes a characterisation of the dependence
on environment difficult.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. Similar to Fig. 5, but now using light-weighted stellar ages from FIREFLY.
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Figure B2. Similar to Fig. 5, but now using light-weighted stellar ages from Gallazzi et al. (2005).
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Figure C1. Similar to Fig. 14, but now relaxing the assumption that the stellar metallicity of star-forming satellites does not depend
on environment. Rather than use the scaling relations for the entire population of star-forming satellites (shown by the curves named
‘All’ in Figs. 6, 10 and 12), star-forming satellites are now also divided into quartiles of environment.
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